Differences in the pattern of growth hormone (GH) secretion in mature rats (i.e., "continuous" secretion in females versus "pulsatile" secretion in males) are thought to be the underlying cause of sex-dependent differences in a subpopulation of liver microsomal P450 enzymes and steroid 5a-reductase. A new strain of dwarf rats (NIMR/AS) has recently been shown to have low or undetectable levels ofcirculating GH due to a selective defect in pituitary GH synthesis. We have measured the levels and/or activity of ilA1 (P450a), 11A2 (P450m), lIC11 (P450h), I1C12 (P450i), IIIA2 (a P450p isozyme), and steroid 5a-reductase in liver microsomes from male and female dwarf rats, to test the hypothesis that the expression of these sexually dimorphic enzymes is regulated by GH. In mature rats, the levels of liver microsomal IIA2, IIC1l, and IIIA2 were higher in male than in female dwarf rats, whereas the levels of activity of IIA1, IIC12, and steroid 5a-reductase were greater in female than in male dwarf rats. These sex differences resulted from age-related changes in either male dwarf rats (i.e., an increase in IIC11 and 11A2 and a decrease in IIA1) or female dwarf rats (i.e., an increase in IIC12 and 5a-reductase and a decrease in IIIA2). The magnitudes of these sex-dependent, age-related changes were essentially indistinguishable from those observed in normal rats. These unexpected results suggest that GH is not the pituitary factor responsible for regulating the levels of sexually dimorphic, steroid-metabolizing enzymes in rat liver. Alternatively, it is possible that these enzymes are regulated by extremely low levels of GH. In either case, the current model of how steroidmetabolizing enzymes are regulated in rats must be revised to account for the normal sexual differentiation of these enzymes in dwarf rats.
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Liver microsomes from male and female rats contain different amounts of steroid-metabolizing enzymes, such as A4-3-ketosteroid Sa-reductase (steroid 5a-reductase) and several forms of cytochrome P450, including IIA1, IIA2, IICll, IIC12, and IIIA2 (1) (2) (3) (4) (5) . ¶ These sex differences are evident in mature but not immature rats and are largely the result of a postpubertal expression or suppression of the genes encoding these enzymes. For example, the rate of steroid 5a-reduction and the 15,8-hydroxylation of 5a-androstane-3a,17,8-diol 3,17-disulfate increases after puberty in female but not male rats (6) (7) (8) (9) . The latter activity is catalyzed by IIC12, which is considered to be a female-specific P450 enzyme. In contrast, the levels of IIA2 and IIC11 increase postpubertally in male but not female rats, and both ofthese enzymes are considered male-specific enzymes (7) (8) (9) (10) (11) (12) (13) (14) . The postpubertal expression of IIC11 is associated with a male-specific, age-dependent increase in the oxidation of testosterone to 2a-and 16a-hydroxytestosterone and androstenedione. (3, 4) . Sex differences in the adult levels of IIA1 (female > male) and IIIA2 (male > > female) result from a developmental suppression of these enzymes. After weaning and throughout puberty, the levels of IIA1 decline in male rats to a greater extent than in female rats, and this decline is associated with a decline in testosterone 7a-hydroxylase activity (7, (12) (13) (14) (15) (16) (17) . Conversely, the levels of IIIA2 decline markedly in female but not male rats, and this decline is associated with a dramatic postpubertal decrease in the rate of testosterone 2,8-, 6,3-, and 15/3-hydroxylation (7, (16) (17) (18) .
Differences in the pattern of somatotropin (growth hormone, GH) secretion in mature rats (i.e., "continuous" secretion in females versus "pulsatile" secretion in males) are thought to be the underlying cause of sex differences in liver microsomal cytochrome P450 and steroid 5a-reductase (1-3). Sex differences in liver steroid metabolism are abolished by hypophysectomy. Constant infusion of human GH to hypophysectomized rats, which mimics the relatively continuous secretion of GH in female rats (19) , increases the levels of IIC12 and 5a-reductase, which causes a feminization of liver steroid metabolism (6, 20, 21) . In contrast, periodic infusion of GH to hypophysectomized rats, which mimics the pulsatile pattern of GH secretion in male rats (19) , increases the levels of IIC11 and causes a masculinization of liver steroid metabolism (10, 21, 22) . Synthesis of IIC12 can also be induced in cultured primary hepatocytes from male rats by exposure to human or bovine GH (23).
Charlton et al. (24) have established a colony of GHdeficient (dwarf) rats. These dwarf rats (derived from an NIMR/AS strain) are homozygous for an autosomal recessive mutation that reduces pituitary GH levels to -5% of normal, which reduces circulating GH to barely detectable levels (<5 ng/ml) (24) (25) (26) (27) . Homozygous dwarf rats have normal or slightly elevated levels of other pituitary hormones, such as prolactin, thyrotropin, follitropin, lutropin, and corticotropin, indicating that dwarfism results from a stable, heritable, and selective defect in GH synthesis and storage (24, 27) . We have examined the levels and/or activity of a subpopulation of P450 enzymes and steroid 5a-reductase in liver microsomes from homozygous dwarf rats with virtually undetectable circulating GH. Unexpectedly, our results demonstrate that steroid 5a-reductase and IIA1, IIA2, IIC11, IIC12, and IIIA2 are expressed in a sex-and agedependent manner in dwarf rats and that the magnitude of the sex differences observed in mature dwarf rats is comparable to that observed in normal rats.
Abbreviation: GH, growth hormone. §To whom reprint requests should be addressed. %In previous publications, we have used the nomenclature system of Ryan and Levin (4), in which P450a, -b, -e, -h, -i, -m, and -p correspond to lIAl, IIB1, 1IB2, lIC11, IIC12, IIA2, and IIIAL. P450
I1IA2 is a constitutively expressed, developmentally regulated isozyme of IIIAM (4, 5).
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MATERIALS AND METHODS
Maintenance and Breeding of Dwarf Rats. The dwarf rats used in this study have been described in detail (24) . Although the GH deficiency was first identified in Lewis rats, it was successfully introduced into NIMR/AS rats at Mill Hill and Oxford, England. Four females and two males from this latter strain of dwarf rats were obtained through Harlan-SpragueDawley and provided the base for our colony. The rats were allowed free access to Purina Rodent Chow (no. 5008) and water and were maintained at 23 ± 10C with a 14-hr light/ 10-hr dark cycle. Female rats displayed normal 4-day estrous cycles. Pups were born on day 23 of pregnancy, and the average litter size was 7.5 ± 0.6 (n = 12). Rats were weaned when 25 days old.
Protein Purification and Antibody Production. P450 IIA1, IIA2, IIBi, IIB2, IIC11, and IIIA1 and NADPH-cytochrome P450 reductase were purified as described (4, 12, 28) . Polyclonal antibodies against these enzymes were raised in rabbits and were subjected to immunoabsorption chromatography to remove antibodies that crossreacted with P450 enzymes in other gene families (29) . The immunoabsorbed antibodies were not monospecific but recognized two or more distinct enzymes belonging to the same P450 gene subfamily (29) . A mouse monoclonal antibody (H70) specific for IIC11 was prepared as described (30) . Immunostaining of Western blots was quantified by scanning densitometry (Shimadzu CS-9000).
Steroid Oxidation and 5a-Reduction. The pathways of testosterone oxidation catalyzed by liver microsomes were determined by HPLC (12, 16) . Conditions to measure the 5a-reduction of testosterone were similar to those for measuring testosterone oxidation except that liver microsomes were incubated at 230C for 20 min with antibody against NADPH-cytochrome P450 reductase (5 mg of IgG per mg of microsomal protein) to inhibit cytochrome P450.
The 15,8-hydroxylation of Sa-androstane-3a,17,B-diol 3,17-disulfate was determined as described (9) , except that unreacted substrate and product were resolved by HPLC. Substrate was kindly provided by Wayne Levin (Hoffmann-La Roche).
RESULTS
The mature dwarf rats used in this study weighed approximately half as much as normal rats. Charlton et al. (24) have shown that the irregular but frequent pulses of GH characteristic of normal female rats are abolished in female dwarf rats, and likewise the prominent 3-hourly pulses of GH typical of normal male rats are abolished in male dwarf rats.
We confirmed that serum levels of GH were consistently low (2.9 ± 0.5 ng/ml) in dwarf rats, as were the pituitary levels of GH. Pituitary levels of GH in female (1.1-5.8 ,ug/mg) and male (5.6-15 ,ug/mg) dwarf rats were the same as those reported by Charlton et al. (24) .
Liver microsomes were prepared from immature (3-weekold) and mature (3-to 4-month-old) female and male dwarf rats (n = 4 or 5 per group). Cytochrome P450 levels were similar to those previously reported for normal rats, whereas cytochrome b5 levels were slightly higher than normal ( Fig.  1 ; refs. 12, 16, 31, and 32). In contrast, NADPH-cytochrome c reductase activity was 10-50% less than that reported for normal rats (32) . Liver microsomes from mature male dwarf rats catalyzed the fastest rate of cytochrome c reduction, and this reflected higher levels of NADPH-cytochrome P450 reductase (Fig. 2) . Low levels of NADPH-cytochrome P450 reductase in liver microsomes from normal pre-weanling rats have been reported (17) .
Thyroid Hormone Status of Dwarf Rats. The thyroid hormone status of dwarf rats was assessed because liver mi- Vw crosomes from dwarf rats have slightly elevated levels of cytochrome b5 and diminished levels of NADPH-cytochrome P450 reductase, which is a characteristic of hypothyroid rats (31) . Serum thyroxine and triiodothyronine in dwarf rats were within normal ranges (Table 1) . Previous studies have shown that dwarf rats have normal levels of serum or pituitary thyrotropin, follitropin, lutropin, corticotropin, prolactin, and testosterone (24, 27) .
Testosterone Oxidation. In Fig. 1 , the metabolites of testosterone generated by liver microsomes are arranged according to the catalytic activity of IIA1/2 (6a-, 7a-, and 15a-hydroxylation), IIC11/IIB1 (2a-, 16a-, and 16f3-hydroxylation, and 17-oxidation to androstenedione), and IIIA1/2 (213-, 61-, and 15f3-hydroxylation). However, the only reliable indicators of the catalytic activity of IIA1, IIC11, and IIB1 are testosterone 7a-, 2a-, and 16p3-hydroxylation, respectively. All pathways of testosterone oxidation were stimulated 20-140% when liver microsomes (0.5 mg/ml) were incubated with purified NADPH-cytochrome P450 reductase (0.5 nmol/ml) (results not shown). Stimulation was observed regardless of the source of liver microsomes; hence, the qualitative aspects of the results shown in Fig. 1 were not influenced by the slightly lower-than-normal levels of NADPH-cytochrome P450 reductase in liver microsomes from dwarf rats.
Regulation of P450 IIC11 (P450h). In normal rats, IIC11 is present only in mature male rats, and its expression is thought to be dependent on a pulsatile pattern of GH secretion (1-3, 10, 20-22 Values are mean ± SD (n = 3-7). *For mature male Sprague-Dawley rats, normal levels of serum thyroxine and triiodothyronine are 3-7 tug/dl and 25-100 ng/dl, respectively (33) .
in the GH-deficient dwarf rats. However, IIC11 was specifically expressed in adult male dwarf rats, just as it is in normal rats ( Figs. 1 and 2 ). Testosterone 2a-hydroxylation, which is catalyzed specifically by IIC11, and IIC11 as shown by reactivity with monoclonal antibody H70 were essentially undetectable in liver microsomes from immature dwarf rats and from mature female dwarf rats. The levels and activity of IIC11 in liver microsomes from mature male dwarf rats were comparable to or slightly greater than values reported for normal mature male rats (7, 16, 17) .
Regulation of P450 IIA1 (P450a). GH appears to exert opposing effects on IIA1 levels depending on its pattern of secretion. A pulsatile pattern is thought to suppress IIA1 levels, whereas a continuous pattern of GH secretion is thought to elevate IIA1 levels (34) . Consequently, in normal rats, the levels of IIA1 are high in immature rats; they remain high in female rats but decline after weaning and throughout puberty in male rats (7, 12, 17, 34) . We predicted that IIA1 would remain at pre-weaning levels in both male and female dwarf rats. However, IIA1 was suppressed in mature male dwarf rats, but not female dwarf rats, just as in normal rats (Fig. 2) . Changes in the levels of IIA1 were paralleled by changes in the rate of formation of 6a-and 7a-hydroxytestosterone (Fig. 1) . The levels and catalytic activity of IIA1
were comparable to values for liver microsomes from normal rats (13, 17) . Regulation of P450 IIA2 (P450m). In normal rats, both IIA2 and IIC11 are male-specific proteins, and their postpubertal expression is neonatally imprinted by testosterone (11) . Despite these similarities, IIA2 and IIC11 are regulated quite differently. Expression of IIC11 is thought to be dependent on regular surges of GH secretion in male rats (1) (2) (3) . In contrast, the factor that stimulates IIA2 synthesis after puberty has not been identified (11) . However, GH is thought to antagonize this factor by suppressing the synthesis of IIA2, because the levels of IIA2 increase in both male and female rats following hypophysectomy (11) . In female rats, the continuous pattern of GH secretion completely suppresses IIA2 synthesis. In male rats, the suppressive effect of GH is presumably relaxed during the periodic troughs in circulating GH levels. Based on this model of IIA2 regulation, we anticipated exceptionally high levels of IIA2 in mature dwarf rats of both sexes, because GH-deficient rats would be unable to suppress the postpubertal synthesis of IIA2. However, IIA2 was expressed only in mature male dwarf rats, just as it is in normal rats (Fig. 2) . IIA2 was detected on immunoblots probed with antibody against IIA1 because IIA1 and IIA2 are 88% identical in amino acid sequence (14) . The levels of immunoreactive IIA2 in liver microsomes from mature male dwarf rats were comparable to their normal counterparts (12) . Testosterone 15a-hydroxylase activity was a poor index of IIA2 in liver microsomes from dwarf rats (Fig. 1) , just as it is in normal rats (13) .
Regulation of P450 I1A2. In normal rats, the levels of IIIA2 are high in immature rats; they remain high in mature male rats but decline abruptly and markedly after puberty in female rats (7, 17, 18, 35) . GH is thought to suppress the levels of IIIA2, and a continuous pattern of GH secretion exerts a greater suppressive effect than a pulsatile pattern of secretion (possibly because the low trough levels provide periodic relief from GH suppression) (11, 18, 20, 36, 37) . Based on this model of IIIA2 regulation, we anticipated high levels of IIIA2 in immature and mature dwarf rats of both sexes, because these GH-deficient rats would be unable to suppress the expression of IIIA2. However, a 51-kDa protein recognized by anti-IIIAl was suppressed in mature female dwarf rats,just as it is in normal rats (Fig. 2) . Based on reports by Gonzalez et al. (35) and Waxman et al. (37) , this 51-kDa protein is most likely IIIA2. However, the antibody used recognizes at least two 51-kDa proteins (i.e., IIIA1 and IIIA2); hence, the identity of the 51-kDa IIIA protein in dwarf rats is not certain. The putative IIIA2 protein was not suppressed in mature male rats, which resulted in a marked sex difference (male > > female) in testosterone 2X3-, 6X3-, and 15f3-hydroxylase activity (Fig. 1) . Although the regulation of IIIA2 was qualitatively similar between normal and dwarf rats, the absolute levels and catalytic activity of IIIA2 in liver microsomes from dwarf rats were -50% ofthe corresponding values reported for normal rats (7, 17) . The reason for this difference is unknown.
Antibody against IIIA1 recognizes a 50-kDa IIIA1 protein (28) , which may be identical to P450618 2 purified by Nagata et al. (38) . This 50-kDa protein was not expressed in preweanling dwarf rats and was expressed only in mature male dwarf rats (Fig. 2) , which suggests that the 50-kDa IIIA protein is regulated in dwarf rats as it is in normal rats. Regulation of P450 IIC12 (P450i) and Steroid 5a-Reductase. P450 IIC12, which catalyzes the 15p-hydroxylation of Saandrostane-3a,17f-diol 3,17-disulfate (9), and Sa-reductase are considered female-specific enzymes (1-3) . The high levels of these enzymes in liver microsomes from mature female rats are thought to be dependent on a continuous pattern of GH secretion (1-3, 6, 20, 23) . Accordingly, we predicted that high levels of IIC12 and Sa-reductase would not be expressed in the GH-deficient dwarf rats. However, Fig. 3 indicates that high IIC12 activity and high 5a-reductase activity are expressed in adult female dwarf rats, just as they are in normal rats. In mature dwarf rats, the activities of IIC12 and Sareductase were at least 10 times greater in liver microsomes from female rats compared with those from male rats. The activities of IIC12 and Sa-reductase in liver microsomes from (10, 20, 40 (24) . It is possible, therefore, that steroid-metabolizing enzymes can be regulated by exceedingly low levels of GH, perhaps because these effects are mediated by high-affinity GH receptors in rat liver. The possibility that low levels of GH are sufficient to regulate liver steroid-metabolizing enzymes has been proposed previously. Waxman et al. (45) demonstrated that liver microsomal IIC12 and steroid 5a-reductase were expressed normally in mature female rats treated neonatally with monosodium glutamate at 4 g/kg, which abolished circulating GH levels (<2 ng/ml). Similar treatment of male rats abolished circulating GH and the postpubertal expression of liver microsomal IIC11, IIA2, and IIIA2, which supports a role for GH in the expression of these male-specific enzymes. However, Shapiro et al. (46) demonstrated that treatment of neonatal male rats with monosodium glutamate at only 2 g/kg did not abolish the expression of IIC11, IIA2, and IIIA2 in adult male rats, and this treatment diminished but did not abolish the pulsatile pattern of GH secretion. Neonatal treatment of rats with monosodium glutamate destroys 80-90% of the neurons in the arcuate nucleus of the hypothalamus, which disrupts several endocrine systems. In contrast, the NIMR/AS dwarf rats appear to have a selective defect in GH synthesis (24) (25) (26) (27) 
